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ABSTRACT | Q,b;l

An original approach to the deposition of pyrolytic graphite

thin films using a liquid metal substrate is described. The advan-
tages of using such a substrate and the factors influencing the
choice of substrate material are discussed.

Initial attempts to deposit on molten platinum were unsuc-
cessiul due to a reaction between the subsirate and the deposited
graphite. Using a molien gold substrate, however, and depositing
irom methane using argon at a pressure of 50 cms Hg as a carrier
gas, a number of successiul deposition experiments were carried
out.

Some subsidiary experiments :on the use of solid metallic

subsirates are described and discussed.
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I. INTROZDUCTION

The theoretical yield stress for a perfect crystal can be estimated
by considering the shearing of two rows of atoms past each other, in
a homogeneously strained crystal, as in Figure la. Let 'a' be the
spacing between the two rows, and let ‘b’ be the distance between
atoms along the slip direction. The equilibrium shear siress ¢ to
niold the plane at a distance X is zero at the initial and fina. positions
(A and B), and also at positions halfway between them, by symaetry
(i.e. atx = 0, x £/2, and x =b). The shearing force must be a
periodic function of x, with period b, and if it is assumed that it is
sinusoidal, as in Figure 1lb, then

~ cin 2 v @ mmmeme——— 1)
e & N/

O = Opax sin2mx
b

For small values of x, Hooke's. law should apply:

..O'::G?_(_ —————— (2)
a

Where G is Young's Modulus.
Since at==Db, and, for small x, sinx >~ x

Then opgy = & TTmmm- (3)
. 2T

It has been estimated that the polarizability or deformability of
the atoms may reduce the value by a factor of about 5, (Birchenall, 1559)
giving

Omax~ G_
30
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Substituting experimentally determined values of G gives a
| | calculated yield stress of the order of 106 psi for high strength
metals, -and values ranging up to approximately 5 x 10 psi for
some non metallic iibres. These values are of course orcders of
\ magnitude greater than even the sirongest bulk material known.
It is thus impossible to produce slip in a perfect crystal
under the small stress at which real crystals begin to slip. How-
ever, the calculation of the theoretical stress is made for the homo-
geneous shearing of tiwo rows of atoms across each other. In prac-
tice, this is not the case, and shearing in a real crystal actually
. takes place by a nucleation and growth type process in which slip
starts at localized regions in the lattice and then spreads gradually
over the remainder of the slip plane. The boundary between the slipped
and unslipped region is a dislocation.
Plastic deformation is brought about by moving dislocations. It
is apparent, therefore, that there are two ways by which a material
can be strengthened. These are:

1. By the removal of dislocations from the particular
lattice, and

2. By putiting obstacles in the way of dislocations,
and so prevent their moving by the pinning action
of the obstacle.
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Effective strengthening by the first of these can be acaieved in
two ways, both of which involve the production cf specimens with a
high surface area to volume ratio.

Because c¢f their unique method of growth, single crystal whis-
kers having diameters less than approximately 12 u contain a very
small number of dislocations, and in the ideal case only one screw
dislocation. Tnese whiskers have Leen shown to have stirengths
many times that exhibited by the bulk material. For example,

Brenner (1956) demonstrated that copper whiskers had yield strengths
up to approximaiely 9 x 104 psi compared with 2 x 103 osi in the bulk
material. In acddition to whiskers, polycrystalline thin films of cop-
per (less than 10y thickness) have been shown to have sirengths up

to an order of magnitude greater than those exhibited by the bulk
material, Lawley and Schuster, (1964). Similar effects have been
coserved in copper fine wires having diameters less than 1004
Hughes, Johnson and Barton, {1964, 1965). The reasons for these
effects are somewhat obscure, but it is believed that it is due to either
dislocation pinning at the surface or the small number of dislocations
present due to the small volume of the specimens, or possibly, a com-
bination of the two.

The second method of strengthening materials i.e. by obstruciing

the passage of disloca:tions is by far the most commonly used method
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o strencgthening. This can be achieved by using polycrystalline
materials in which the grain boundaries obstruct dislocation move-
ment and cause dislocation pile-ups. Further strengthening can be
obtained by cold working ine material i.e. causing disloca:tions to
intersect and eifectively prevent further movement. In addition to
the above two methods of dislocation pinning which apply both to
pure materials and alloys, the dislocations czn also be pinned by
impurity atoms in the lattice. Thus by alloying two metals, or one
metal with a non metal, adaitional strengthening can be okiained.
in the former case, hardening is usually teriec solid solution har-
dening, or in certain alloys, after the appropriate heat treatment,
precipitation hardening. In the latter case, it is usually caused by
the smaller non metaliic atoms positioning themselves in the inter-
stices between the metal atoms, resulting in dislocation pinning and
so called interstitial hardening.

The metncd of approach adopied ir; the present work has been fo
take the material, which on the basis of its Young's Modulus should
theoreticelly have the highest yield strength (see Equation 3), and
10 attempt t3 produce this in a form which should further enhance

its strength. Graphite, which in whisker form has the highest reported

modulius of all materials (145x 105 psi) Bacon, (19560) was therefore



PYROGENICS, INC. 25.26 50:n STRZET « WOODSIDE, NEW YORK 11377

s

chosen as the material to investigate. In oder to obtain the highest

possible strengths, it was decided to produce the graphite in the forr

w

of thin films cr fibres.

Carbon can exist in a number of allotropic forms ranging from
disordered amorphous carbon at one exireme to the highly ordered
graphite structure at the other. Intermediate between these two ex-
tremes is pyroiyiic graphite which consists of an aggregate of crystals
slightly misoriented with respect to each other. Pyrolytic graphite,
which is formed by depositing irom the vapor shase at temperatures
between 1700°C and 2300°C consists of layers of wavy and kinked

hexagonal planes parallel to each otrer, but randomly rotatec about

o
o]

axis perpendicular to the plane of the deposit.e This axis is known

s the 'c'axis or directicn, and the direction parallel to the planes is

o2}

the a-b direction. Pyrolyiic crashite has many properties whnich can
make it an ideal material ior many high temperature applicaticns.
These include increasing strength with increasing temperature, a high
degree of anisotropy which results in high thermal and electrical con-
ductivities in the ab direction and low conductivities in the ¢ direct-
ion. ther properties include high strength to weight ratio and a low

Vapor pressure.
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I, PRELIMINLRY EXPIRIMINTS

‘-

The properties of pyrolytic grarhite are extremely sensitive to
a number of variables, the most ;zuponant of which are lisied below:
1, Substrate temperatre

2. Ges pressure.

4, Suostraie material ano perieciion.

Most Of t..e past work has been concentraied on the Iirst three

of the above variables, e.g. Higgs, Finicle, Bobka, Seldin and

Zeitsch, (1964), Bradshaw and Armstrong, (1963) and a minimum amount

of work has been carried out on the eifect of substrate ma:erial

Dieiendorf, {1560). The approach adenicd in the present work was
therefore primarily to investigate the eiffzsct of substrate :aaterial on

the mechanical properiies of pyrolytic graphite thin films and fibres.

In the past, yr@ytw grapalte de osition has always taken place
on & solid substrate material. In the present work a complately new
approach was taken and the main effort was concentrated on developing
a liquid substrate. The possible advantages to deposition on & liquid

surface are:
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1., Freedom from siresses which may be introduced into
‘ne film as a result of the differential contractions on cooling.

2. By virtue of its superficial perieciion, the liguid
surface should be non-nucleating and may permit continuous growth
from a single seed.

3. Since the deposit should not adaere to the substrate,
reacy and easy remcoval should be possible. This, ¢l course, is

exirzraely important should the productiion of continuous Ifilaments

be desired.

I

n addition to the development of a liguid substrate, some subsic-
iary experimenis were carried out to investigaie solid metallic sub-

sirates. Thesc experiments are described in Appendix 1.

b “23‘

II.1 Choice of Suzsira:e Va lal - : (
e ])/ - . S A Ay
The choice oi llvu;e meta; be used was at Iirst iimied to those aﬁ,rj“_x”
‘\// o v

with melting points between anproximately 1800°C and 2400°C which
is the temperature range over which pyrolytic graphite is usually de-

posited. Another factor which was considered was the vapor pressure
of the liguid' metal over this temperature range. Iceally, this shou!
be as low as possible in order to reduce excessive loss of the substrate

material due to vaporization, From these two cornsiderations alore, a
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survey of the available data on the meliing points and vapor pressures
oI metals indicated theat the rost suiteole materials from these soints
of view were palladium, platinum, titanium, zirconium and vanadium.
However, the choice was further restricted when the chemical reac-
tivity of the apbove elemenis v.ith carbon was considered. 21y chemical

caction of the carpon iormed irom the dissociated methane with the

ilguid substrate will inhibit the formation of a pvrolviic deposit. With

the exceprion of paliacdium and platinum, &ll of the above metals react
with carbon 1o form carbides, and the choice of liguid subsiraie was

thereiore limited to these two metals. The iinal choice, purely on the

In tre initial attempis to deposit pyrclytic graphite on molten
platinum, the latier was contained in @ smal.l graghite boat which was
heated direcily between iwo water cooled copper elecircces. The
methane pressure was measured by means of a Dubrovin pressure gauge.
A schematic crawing of the reaction vessel is shown in Figure 2 and

Figure 3 is a photograph of the compleie assembly. The temperature

’

N

of the substrate was measured oY sighiing an opiical pyrome:ier on the

metal through & glass prism. (See Ficure 2). The necessary correci-

-
ic.s for emissivity and window absorption were mace. in a typical

-

naratus was first evacuated to a ~oassure of 10-2mm g, and
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the specimen was siowly raised [0 temzerature by increasing the cur-

rarni. When the specimen was at the reguired deposizion temperature,

&

& continual flow of rethane &t the desired pressure was admiied to
the reaction vessel. The run duration was usuaily one Lour.

In many ci the runs, derosition was for less than one hour,
usuaily secause of irregulafities in the ;L“\,_N..mg of “he appara:ius.
Crne of the major rzasons for this was large and unpredictasle changes
in specimen temperature. These were usually due to the tanialum neat

h

w
14}

i=2ld {

ce Tigure 2 expanding to touch both electroces end causing a

\ shert circuit. ) MO'( ~(
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Table 1 is typical of the results obtained in the early exp
In this particular run & subsiraic temperature of 2200 = 40°C was main-
tained througnout the run. The dejosit obtained was Iounda o adhere to

the substirate, anc a massive rcaction baiween the i
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the graphite boa: was olbserved.

A section taken through the olatinum buttor was mounted, poliszed,

and examlinacd metailographically. Tre examination revealed that the
Lutton contained massive cranhite flakes, and on the surizce, & thin

layer ©f grapaiie covered with a pyrolytic graphite ceposit wes cbserved

a2

(Pigure 4). It appeared irom the micrographs that the liguid platinum had

4

B

cissclved carbon from the graphite boat or irom the cdissociated meihane,
4 on cooling the carpon came outl CI solufion in the form of massive

In an attempt to prevent the carbon irom the boai going into solu-
tion in the platinum, the graphite boa’tiwas replaced by a ¢yrolvtic
graphite boap oriented so that the ‘¢’ éxis would Le exposed to ihe
molten platinum. Since the ‘c¢' direction in pyrolytic graphite is imper-
Vious 1o gases and, in many cases, not attacked by acids and liquid

metals, it was thought that the reaction beiween the molien platinum and
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rollowing the unsuccessiul atiempis to use graphiie as a contaliner

material, it was declcoe. to use zirconia, a material wi_ch is nc:t suscep-
iible 10 attack by licuid pleilnum. Dus to the fact that zirconia is an
insulator, direct heating could not be used. Induction heating was

therefore used o melt the platinum which was contaired in a zirconia

crucible 1/2 inch in cdiameter and 1/2 inch iz height. L schematic draw-

apparatus 1s shown in Figure 5.  The crucible was sy

/

cn & graphize block which in turn was suzported on a grephite rod set

)
1

ing of the

into a waier coclec brass end niece. The whole specimen assembliy was
coniained in a quertz tube wnich could be evacuaied to a pressure of
G2 _ . . . .
10 "mm Hg. The temperature was measured by a disappearing filament
pyrometer sighied inrough a prism situated vertically above the specimen
(Figure 5). In the early deposiiion experimants carried out in this ap-
paratus, diificulty was experienced due to the zirconia crucibles frac-

"

turing irom thermal shock curing the heating and cooling cvclias., How-

ever, a sufiicient number of successiul deposition experiments wer

periormed to demonsirate tha: a reaction s:ill occurred between the

the depnosited film. At this stage of the program it was

therefore ceciced to discontinue the attempis to deposit pyrolytic craphite
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V/hen the specimern rad cooied IO rCcom temiperature tne cruclole
R -~ ~ L - 3 — - [P E FER 5 o 3 3 2 e e
was removed from the apparaius and ithe specimen examined. rigure

£z shows the crucib

arnd could easily be removed by using Scotch tape. The Cenosited

<Y - - -~ — - 1 R —~ - e = -~
Zilm was smeooth in edpearance on both the upzer and lower surizces.
Pt da 31l ek ratad i1 Pionirag 31 ar o N ara e T mmm D T
T-is is illustrated in FPigures ob ana oc whnere £0un SUrllCes &are 50wl
P ar ~ -1 L. - =) 21 PR * LR o LIRS | PN e
at:ar removel from the substrate. A secticn periencicuiar to the growin

direction was taken through the sirip and was examined metailograpaic-

17 - a e T Amra R~ & oA
iy uncer poiarized lignl. Toe meta.iographic exam ination revezaied

that ruousiy nucleated pyrolytic struciure.
meig struciure is iliusiratea in Figures 7a and 7o where the tvoical

pyroiviic struciure is clearly visinle.

The resulis of the oreliminary deposition attempis on liquid piatinum

oroved unsuccessful, mainly because o the graphite both from the cru-

+3

J T o9 -
he decision to

~ ~ - [T T J o~ o e N : Ao - o am oy .
EVEar, toe resuits coelned Cemonsirated that both these Zaciors were oul-

weighed by the chemical reactivity oI the ¢rapaite © iilm with the sulsirate.
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FIG. 2 SCHEMATIC DRAWING OF GLASS REACTION VESSEL FOR

PYROLYTIC GRAPHITE FILM DEPOSITION




FIG.3 PHOTOGRAPH OF GLASS REACTION VESSEL




FIG. 4 SECTION THROUGH PYROLYTIC GRAPHITE DEPOSIT ON LIQUID PLATINUM
SHOWING SURFACE LAYER OF GRAPHITE AND MASSIVE
GRAPHITE FLAKES (X 400)
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FIG. 7 TRANSVERSE SECTION THROUGH PYROLYTIC GRAPHITE DEPOSIT
VIEWED UNDER POLARIZED LIGHT




PYROGENICS, INC. 25.26 50th STREET « WOODSIDE, NEW YORK 11377

-27-

TABLE I

- TYPICAL RESULTS OF DEPOSITION EXPERIMENT ON
LIQUID __ PLATINUM

Corracted Methane Time

Temperature Pressure (mins)
(°C) (MM. Ha.)
2160 ) 0
2245 S 5
2245 5 ' 10
2245 . 10 15
2245 8 20
2175 9.5 25
2205 9.5 30
2195 9.0 35
2180 | 9.0 | 40
2175 9.5 o 45
2160 ‘ 10,0 50
2160 10.0 55
2180 0.0 | 60
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APPENDIX

I. INTRODUCTION

In addition to the deposition of pyrolytic graphite on a liquid
subst;ate, some subsidiary experiments were carried out on the pos-
sibility of using a solid metal substrate for deposition.

As in the case of the liquid substrate, the essential require-
ments were a high melting point, low vapor pressure, and a mini-
mum amount of chemical reaction with carbon. A survey of the avail-
able literature on carbon-metal alloy systems indicated that the most
promising material from the point of view of chemical reactivity ap-
peared to be iridium, ‘:his, together with its high melting point
(2443 °C) and low vapor pressure indicated that iridium might possibly

be an ideal material on which to attempt pyroiytic graphite deposition.

II. EXPERIMENTAL PROCEDURE

A strip of iridium 0. 005" x 1/4" x 1-5/8" was resistance heated
between water cooled electrodes in thé vacuﬁm apparatus described in
Section II. 2. The temperature of the strip was slowly raised to 1800°C
by increasing the current. Methane gas was finally admitted at a flow
rate of 0.25°lpm and a pressure of 4 mm Hg. In this particular run, the
iridium strip burnt out after a reaction time of only one to two minutes.
This was possibly due to an exothermic reaction occurring between the

deposited carbon and the iridium which may have resulted in localized

melting of the strip. It was therefore decided to lower the deposition
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temperature in subsequent runs so as to avoid any localized melting.
In the second deposition attempt, the methane was admitted
into the'apparatus at a flow rate of 0.25 lpm and a slightly higher
pressure of 11 mm Hg. An immediate increase of 150°C in the iridium
temperature was observed, and the power input was therefore cut
back until the temperature remained steady at 1700°C. The reaction
was continued for forty—-five minutes. The iridium strip was removed
from the apparatus and a smooth but uneven deposit was observed on
both sides (Fig. 1). A metallographic section was taken through the

strip.
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III. EXPERIMENTAL RESULTS AND DISCUSSION

The metallographic section taken through the strip clearly
revealed pyrolytic graphite deposit on the iridium. A section through
the coated strip is shown in Figure 2. In Figure 2 the pyrolytic graphite
stri pwhich has separated from the iridium strip is clearly visible.

A puzzling feature of the results obtained is the uneveness
of the graphite deposit. This is shown clearly in Figure 1 in which

'apparent depressions in the film surface can be seen. In figures 3a,
b, ¢, high magnification photographs reveal the depressions in more
detail. Figure 3a shows an uncoated portion of the iridium strip sur-
rounded by a pyrolytic graphite layer. The dark areas around the un-
coated portion are due to a gradual variation in thicknces at the edge
of the film. Figure 3b is the area adjacent to that shown in Figure 3a,
and the surface structure of the pyrolytic graphite is illustrated in this
photograph. The right hand edge of this photomicrograph shows one of
the depressions in the pyrolytic graphite strip, and is indicative of a
pyrolytic deposit of a small thickness than that shown on the left
hand side. TFigure 3c is the adjacent section of the strip to 3b, and is a
more extensive photograph of the thinner of the two deposited layers.

The phenomenon shown in Figure 3 and described above is
difficdt to account for. However, a possible interpretation can be

given in terms of the growth mechanisms of thin films.
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If the assumption is made that in the ideal case, on an almost
structurally perfect substrate, all growth originates from a single
nucleus and gradually the deposit spreads out over the whole of
the substrate, the results obtained in the present work may be
explained. Once the original layer has started spreading, itis
.feasible that one or more nucleation sites will occur on its surface.
Growth would normally occur at such sites and eventually spread over
the whole of the surface. However, in the present experiments, it is
possible that due to the low pressure and short deposition time in-
volved, only the graphite layer first nucleated had sufficient time
to cover the whole of the substrate surfaces. Subsequent nucleated

layers would probably not have had sufficient time to grow over the

-

whole of the surface, therefore leaving what appeared to be apparent
depressions in the pyrolytic graphite deposit.

A second important feature of the present results was the effect
of the graphite deposition on the iridium strip. Beiore deposition
commenced, the iridium was quite ductile. However, after deposition,
although parts of the deposit did break away quite easily from the
iridium, the general tendency was for the deposit to adhere to the strip,
and in additi’on the strip was brittle and broke easily. From this point
of view, therefore, it appears that iridium wiil not be a suitable sub-
strate for the continuous deposition of pyrolytic graphite filaments at

the high temperatures used in the present work.
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Fig. 1 MACRO PHOTOGRAPH OF PYROLYTIC
GRAPHITE DEPOSIT ON IRIDIUM STRIP

(2) (200) (b)

SECTION THROUGH PYROLYTIC GRAPHITE FILM

(x400)




Fig. 3a (x100) Fig. 3b (x100)

[ ] Fig. 3c (x100)

Fig. 3 - PHOTOMICROGRAPH OF ONE OF DEPRESSIONS IN
PYROLYTIC GRAPHITE DEPOSIT




